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ARTICLE INFO 


ABSTRACT 


Bio-ethanol as a dean and renewable fuel has gained more attention; however greater energy inputs 
make a slow progress in industry. Membrane technology has potential in the bioethanol production 
process as a highly selective and energy-saving separation process. This review presented membrane 
technologies applied in three aspects: (i) microalgae harvesting, (ii) sugar concentration and detoxifica¬ 
tion, (iii) bioethanol recovery. The performance of different membrane processes was summarized and 
compared. The advantages and limitations of membrane technologies for these applications are 
discussed, and it was thought that the hybrid process has great potential in improving membrane 
efficiency. 

© 2013 Elsevier Ltd. All rights reserved. 
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1. Introduction 

The increasing energy crisis and growing environmental con¬ 
cerns in recent years have driven the development of technologies 
to allow for the substitution of fossil fuels with renewable energy 
[1-4], Several alternatives are currently being explored, including 
a range of carbon-free and renewable sources (photovoltaics, wind 
and nuclear power, hydrogen) in an attempt to replace natural gas, 
coal and oil in the electricity generation sector. However, there is 
no such equivalent in transportation, since fuel cells, electric/ 
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hybrids and natural gas-based cars are still a long way from 
becoming mainstream vehicles [5], 

Bio-ethanol as a clean and renewable fuel has gained more 
attention. It can be produced from all kinds of renewable materials 
such as corn, sorghum, cellulose and algae biomass. On the basis of 
the raw material used for its production, bioethanol is divided into 
first-, second- and third-generation bioethanol [1], The classification 
of bioethanol is shown in Fig. 1. Burning ethanol instead of gasoline 
reduces global warming emissions of 20% from corn ethanol and 85% 
from cellulosic ethanol while entirely eliminating the release of acid 
rain-causing sulfur dioxide [6], Meanwhile, bio-ethanol can be added 
to gasoline for transportation which has been applied in several 
countries. In Brazil, more than 15% of cars can run on pure ethanol 
[7,8], However, bio-ethanol production involves many processes such 
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Fig. 1. Classification of bioethanol [17]. 
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Fig. 2. Application of membrane processes for three generations of bioethanol production. 


as pretreatment, fermentation, recovery and the refining process [9], 
A total of 5.99 kj of fossil energy is expended to produce 4.19 kj of 
ethanol. The largest energy inputs in corn-ethanol production are for 
the steam and electricity used in the fermentation/distillation process 
[10]. Bioethanol will not be significant without improvements in this 
process and reduced energy requirements. Membrane separation 
technologies have gained more and more attention due to their 
reduced energy requirements, lower labor costs, lower floor space 
requirements and wide flexibility of operation [11], This technology 
has applied in many processes of bioethanol production instead of the 
traditional process [12-16], The aim of this article is to present a state- 
of-the-art review on the applications of membrane technologies 
for bioethanol production such as microfiltration (MF), ultrafiltration 
(UF), nanofiltration (NF), membrane distillation (MD) and pervapora¬ 
tion (PV). We also discuss the problems confronted with every 
membrane process. 


2. Membrane technology applied in bioethanol production 

An overview of ethanol production with potential membrane 
applications is depicted in Fig. 2. The first potential membrane 
application is the harvesting of microalgae for third generation 


bioethanol synthesis. By the use of MF/UF, it is possible to recover 
microalgae. For second and third generation bioethanol, pretreat¬ 
ment is a necessary step to make the carbohydrates in the biomass 
accessible for conversion. The second potential membrane appli¬ 
cation is the purification and concentration of prehydrolyzates 
after pretreatment and before fermentation. MD, NF and RO can 
concentrate the sugar solution and remove inhibitors to fermenta¬ 
tion. Regarding recovering the enzyme and other value-added 
production, an NF process has been considered, combined with UF. 
After fermentation, low concentration bioethanol is sent for 
pervaporation and pre-concentration. Fermentation and perva¬ 
poration have been integrated in order to perform continuous 
fermentation. During the hybrid process, UF and NF can be used 
to remove fermentation inhibitors and yeast. The section part will 
provide a detailed introduction for each membrane process. 


3. Membrane technology for microalgae harvesting 

Microalgae is getting more and more attention as a raw 
material for bioethanol production as it provides carbohydrates 
and proteins that can be used as carbon sources for fermentation. 
Meanwhile, microalgae cells have a very short harvesting cycle 
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(1-10 days) compared with other feedstocks (harvest once or 
twice a year) and thus provide enough supplies to meet ethanol 
production demands. On the other hand, algal biomass avoids the 
issues met with first- and second- generation bioethanol, namely 
food-fuel competition and land-use change [18]. 

However, algal biomass harvesting is a challenge because of 
the small size of algal cells (3-30 pm in diameter), their similar 
density to water and the large volumes of water that must be 
handled to recover the biomass. Recovery of the biomass from the 
broth has been claimed to contribute 20-30% of the total cost 
of producing the biomass [19], Therefore, a suitable harvesting 
technology is very important for bioethanol production using algal 
biomass. Generally, microalgae harvesting can be undertaken by 
the technologies as shown in Table 1. As can be seen, membrane 
filtration is known to be not energy intensive compared to other 
methods, as this technology is isothermal and involves no phase 
change. Meanwhile, it offers the advantages of almost complete 
retention of biomass as well as potential disinfection via the 
removal of protozoa and viruses [20,21], Furthermore, no chemi¬ 
cals such as coagulants or flocculants are required, thus preventing 
their accumulation in the biomass or the recycling streams that 
exist in a coagulation-flocculation process [22], Especially for 
smaller algae cells ( < 30 mm), membrane filtration is a technically 
viable alternative to conventional filtration. Membrane filtration 
applied in microalgae harvesting was first reported in 1995. 
Petrusevski et al. [23] investigated the capability of a tangential 
flow filtration (TFF) system, equipped with a 0.45 pm pore-size 
membrane to concentrate algae from large volumes of reservoir 
water. An overall algal biomass recovery of 70-89% was found. 
Although membrane filtration has many advantages compared to 
other technologies, studies have found that membrane fouling will 
be severe under some operational conditions. Therefore, it is very 
important to choose the proper membrane material and operation 
model for membrane filtration. 

3.1. Membrane material for microalgae harvesting 

Micro- and ultrafiltration have been proven to be effective to 
harvest microalgae. Membranes prepared from different materials 
could provide variable harvesting performance, but there is no 
criterion regarding the membrane material for microalgae har¬ 
vesting. Rossi et al. has performed studies on membrane materials 


for microalgae harvesting [33-35]. They investigated 11 commer¬ 
cial polymeric membranes for harvesting the cyanobacterium 
Arthrospira platensis by cross-flow MF and UF techniques. Hydro¬ 
philic membranes seemed more efficient than the others in terms 
of steady-state permeation flux. Furthermore, such membranes 
were easier to clean, partly because the negative charge decreased 
membrane fouling and cake formation, which represent the 
majority of the total resistance; this can be removed by a single 
rinsing step. In addition, they evaluated 14 inorganic membranes 
for the separation of Arthrospira platensis from a diluted culture 
medium. The UF membrane ATZ-50kD exhibited the best permea¬ 
tion flux and cleanability. 

According to the above studies, it can be concluded that 
hydrophilic organic and inorganic UF membranes are more sui¬ 
table to microalgae harvesting. 

3.2. Membrane fouling 

Although membrane filtration is a better technology for micro¬ 
algae harvesting, the flux will decline due to membrane fouling, 
which limits the large-scale application of membrane technology. 
Therefore, understanding membrane fouling by the biomass 
and developing anti-fouling strategies are critically important for 
sustainable biomass concentration using membrane technology. 
However, only a few reports on the algae/water separation process 
have described the fouling of membranes and solutions to mitigate 
fouling [36-40]. Membrane fouling is mainly caused by bacteria, 
algae, inorganic colloids and organic material such as proteins and 
polysaccharides. On the other hand, several studies have devel¬ 
oped potential options for membrane fouling control. There are 
different techniques to limit the fouling phenomenon, among 
which are the use of the proper membrane material and altered 
operation conditions. Available membrane materials have been 
summarized in Section 3.1. 

The enhancement of membrane shear-rates has long been 
recognized as one of the most efficient factors for fouling control. 
Increasing the cross-flow velocity decreases membrane fouling 
[38], Thus, controlled hydrodynamic conditions, such as a low TMP 
and low shear rate, are required in order to limit fouling and cell 
damage [41-44], Rios et al. [45] used a rotational-dynamic filtra¬ 
tion system to harvest Phaeodactilum tricornutum microalgae. They 
studied the effect of rotational speeds and TMP on membrane 


Table 1 

Description of microalgae harvesting technologies. 


Process 

Description 

Solids 

concentration 
after harvesting 
[24] 

Recovery 

[24] 

Chemicals 

Energy usage 

Limitations 

Coagulation/ 

flocculation 

Based on the 
microalgae cells that 
carry a negative 
charge 


66-98% 

Yes 

Low energy requirement for 
slow mixing; varies largely 

Only as preparatory 
step prior; Flocculants 
is expensive at high 
dose [25] 

Flotation 

Based on the trapping 
of algae cells using 
dispersed micro-air 
bubbles [26] 

3-6% 

50-90% 

Yes 

High dissolved air 
flotationl0-20 kWh/m 3 [27] 

Limited evidence of its 
technical or economic 
viability [28] 

Gravity 

sedimentation 

Based on Stoke's law 

[291 

0.5-3% 

10-90% 

No 

Very high 8 kWh/m 3 [30] 

Only suitable for large 
(ca. > 70 pm) 
microalgae [31] 

Centrifugal 

Based on Stoke's law 
[29] 

12-22% 

>90% 

No 

Energy intensive 

High energy costs 
higher maintenance 
requirements [32] 

Membrane 

filtration 

Based on molecule 
size 

5-27% 

90-100% 

No 

0.4 kWh/m 3 

Membrane fouling 

Electrophoresis 

techniques 

Based on microalgae 
able to behave as 
colloid particles 

Depends on the 
process 

Varies 

Yes 

Varies 

Electrodes need to be 
replaced periodically 





Table 2 

Summary of the membrane process applied in sugar concentration and inhibitors removal. 


Inhibitors/ 

Membrane 

Separation mechanism 

Scale 

Driven force 

Membrane 


Operation 


Flux 

sugar 

process 11 


b 




conditions' 

e 

(Lm- 2 !!- 1 ) 






Material c 

Configuration 

pH 

T 

P(bar) 








d 


C°c) 



Sucrose 

VMD 

Relative volatility 

L 

Vapor pressure 
difference 

PP 

T 

- 

40 

0.0067 

0.45 

Sugar 

VMD 


L 

Vapor pressure 
difference 

PVDF 

F 


65 

- 

8.46 

Glucose 

NF 

Size exclusion 

L 

Pressure 

Proprietary 

F 

2.9 

25 

24.5 

120.8 

Glucose 

NF 


L 

Pressure 

PVA 

_ 

_ 

30 

13.78 

15 

Glucose 

NF 


L 

Pressure 

PVA 

- 

5.6 

50 

17.5 

60 

Glucose 

NF 


L 

Pressure 

PA 

- 

10 

25 

13 

26.5 

Glucose 

NF 


L 

Pressure 

PA 

- 

3 

25 

11.5 

39.8 

Xylose 

NF 


L 

Pressure 

Proprietary 

F 

2.9 

25 

24.5 

120.8 

Xylose 

NF 


P 

Pressure 

PA 

F 

- 

28- 

20 

24 









30 



Xylose 

NF 


P 

Pressure 

CTA 

F 

- 

28- 

20 

32 









30 



Xylose 

NF 


L 

Pressure 

PA 

- 

10 

25 

13 

26.5 

Xylose 

NF 


L 

Pressure 

PA 

- 

3 

25 

11.5 

39.8 

Xylose 

NF 


P 

Pressure 

Proprietar 

S 

2.9 

25 

24.5 

- 

Xylose 

RO 

Size exclusion and 
solution-diffusion 

L 

Pressure 

PA 

P 

2.93 

25 

20 

23.62 

Glucose 

RO 


L 

Pressure 

PA 

P 

2.93 

25 

20 

23.62 

Glucose 

RO 


L 

Pressure 

Aromatic PA 

- 

2 

21 

25 

- 

Glucose 

RO 


L 

Pressure 

Aromatic 

polyamide 

- 

2 

21 

25 

- 

Acetate 

NF 

Donnan effect 

L 

Pressure 

PVA 

- 

- 

30 

13.78 

15 


Acetic 

acid 

Acetic 

NF 

NF 


L 

P 

Pressure 

Pressure 

Proprietary 

Proprietar 

F 

S 

2.9 

9.1 

25 

24.5/ 

34.3 

24.5 

120.8/142.4 

acid 

Acetate 

NF 


L 

Pressure 

PVA 

- 

5.6 

50 

17.5 

60 

Acetic 

RO 


L 

Pressure 

PA 

P 

2.93 

25 

20 

23.62 

acid 

Acetic 

RO 


L 

Pressure 

PA 

P 

9.88 

25 

20 

- 

acid 

Acetic 

RO 


L 

Pressure 

CA 

- 

2 

21 

25 

- 

acid 

Acetic 

RO 


L 

Pressure 

CA 

- 

2 

21 

25 

- 

acid 

Furfural 

VMD 

Relative volatility 

L 

Vapor pressure 
difference 

PVDF 

F 

4.53 

70 


6.42 

Furfural 

NF 

Size exclusion 

L 

Pressure 

PA 

- 

10 

25 

13 

26.5 


Rejection (%) 


Disadvantages 


Advantages 


Reference 


>98% 


Low flux and no special 

Utilize low low-level 

[60] 



membrane material 

heat 


99.5 




[63] 

100 


Membrane fouling 

High rejection and 
high flux 

[51] 

99 




[68] 

99 




[64] 

99.2 




[67] 

95 




[67] 

96.4 




[51] 

99.1 




[56] 

66.7 




[56] 

99.5 




[67] 

86.8 




[67] 

85 




[71] 

99.67 




[74] 

99.78 




[74] 

48 




[75] 

82 




[75] 

60 


The rejection depends on 

Low energy 

[68] 



pH 

consumption High 
flux 


-19.0- 

-14.9/ 



[51] 

-31.8— 

90 

-27.7 



[71] 

40 




[64] 

52.53 




[74] 

99.28 




[74] 

25 




[75] 

-5 




[75] 

100 



High rejection 

[63] 

31.8 


Relative low rejection 


[67] 
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fouling. As the speed increased, the flux increased due to reduced 
membrane fouling caused by concentration polarization. Mean¬ 
while, it can be stated that fouling effects which reduce the 
permeability of the membrane increase when the TMP also 
increases. Zhang et al. [46] developed an efficient technology for 
harvesting of algal biomass using membrane filtration and estab¬ 
lished anti-fouling strategies. Air-assisted backwash with an air 
scour and higher cross-flow velocity can control membrane foul¬ 
ing. Bilad et al. [47] developed a method to harvesting microalgal 
biomass using submerged MF membranes. They used an improved 
flux-step method (IFM) to characterize the membrane fouling. 
The IFM results suggested lower degrees of fouling compared to 
conventional submerged MBRs within the range of operational 
parameters. 

The harvesting of microalgae by membrane filtration is still 
under development. 
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4. Membrane technologies for fermentation 

Every generation bioethanol will go through the process of 
saccharification and fermentation. However, for the second- and 
third-generation bioethanols based on biomass, the simple sugar 
concentration in prehydrolyzates is often low due to the different 
pretreatment processes and hydrolysis efficiency [48]. Moreover, 
pretreatment of biomass using steam explosion or dilute acid 
results in fermentation inhibitors that will inhibit the subsequent 
fermentation [49]. Low-concentration fermentable sugars in the 
prehydrolyzates and fermentation inhibitors lead to low ethanol 
concentrations, which in turn leads to high operational cost and 
energy consumption for subsequent purification steps. Therefore, 
in order to enhance the effectiveness of prehydrolyzate fermenta¬ 
tion, the prehydrolyzate should be detoxified to remove inhibitors 
and concentrated to increase sugar concentration prior to being 
used for ethanol fermentation. 

The conventional methods for sugar concentration or detoxifica¬ 
tion include evaporation, solvent extraction, overliming, activated 
charcoal adsorption and ion exchange. However, most of these 
methods have the disadvantage of adding high processing costs, 
complicating the lignocellulose-to-ethanol production process, gen¬ 
erating additional waste products, requiring long processing times 
and/or losing sugars [50-55], The most important point is that 
conventional methods cannot concentrate sugar whilst removing 
inhibitors. Membranes as a separation technology can solve these 
two issues. Furthermore, studies have demonstrated that the capital 
investment for the membrane process and operating costs were 
lower than evaporator installation [56]. The present membrane 
configurations applied in these aspects include membrane distilla¬ 
tion, nanofiltration, reverse osmosis, ultrafiltration. Table 2 summar¬ 
ized the membrane process applied in this application. 

Membrane distillation is a thermally driven process in which a 
microporous hydrophobic membrane acts as a physical support to 
separate a warm solution containing either a liquid or a gas 
mixture. A schematic diagram of membrane distillation is shown 
in Fig. 3. The different MD process configurations (direct contact, 
air gap and vacuum) have been used to concentrate sugar solu¬ 
tions and remove inhibitors. The rejection of sugar can almost 
achieve 100%. The flux depends on the membrane type, feed flow 
rate, feed temperature and initial sugar concentration [57-60], 
Furthermore, the MD process can utilize low-level heat or alter¬ 
native energy sources such as waste hot steam and water, 
geothermal or solar energy [61,62], In our previous studies [63], 
we attempted to use vacuum membrane distillation (VMD) to 
concentrate sugar and remove inhibitors utilizing solar energy. 
Under the optimal conditions of a velocity of 1.0 m/s and a 
temperature of 65 °C, glucose rejection was 99.5% and the flux 
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Fig. 3. Schematic of membrane distillation to concentrate sugars and remove 
inhibitors. 


was 8.46Lm _2 h _1 . Meanwhile, this process exhibited certain 
potential for removing inhibitors, the furfural can be removed 
completely. 

The main disadvantages of MD are the danger of membrane 
wetting which can be reduced by using dilute solutions and the 
low removal efficiencies for some inhibitors. These disadvantages 
limit the industrialization of MD. 

Nanofiltration has drawn great interest in biorefineries due 
to its low energy consumption and unique separation properties. 
Nanofiltration has a molecular weight cutoff (MWCO) between 
200 and 1000 g/mol, allowing the retention of soluble compounds 
with molecular weights up to 150-250 g/mol and divalent ions 
[64], The main compounds in the lignocellulosic ethanol fermen¬ 
tation broth include monosaccharides, aliphatic acids, furan deriva¬ 
tives and phenolic compounds. The molecular weight of inhibitors 
is between 40 and 120 g/mol, while that of monosaccharides is 
more than 150 g/mol. Therefore, nanofiltration can remove inhibi¬ 
tors from the broth and retain the sugars to concentrate the sugar 
solution. 

Liu et al. [65] applied NF membranes with a molecular weight 
cut-off of 100 g/mol for the purification of hydrolyzates from the 
hot-water extraction of woody biomass and found that acetic acid, 
methanol, furfural, hydrolxymethylfurfural and formic acid could 
all be preferentially removed from the sugar stream. The rejection 
efficiency of sugar was about 0.993. Han and Cheryan [64] 
investigated the recycling of glucose and processing of acetate 
from a fermentation broth by NF. They found that the separation 
factor of acetate over glucose in calcium magnesium acetate broth 
was approximately 40 using a NTR 729 NF membrane. Murthy 
et al. [56] reported an increase in the concentration of xylose from 
2% to 10% in the reaction liquor produced by dilute acid hydrolysis 
of rice husk using NF. Operational costs were reduced by greater 
than 75%. Sjoman et al. [66] investigated the separation of xylose 
from glucose in hemicellulose hydrolyte using Desal-5 DK, Desal-5 
DL and NF270 membranes. They reported that the separation 
factors of xylose over glucose ranged from 1.5 to 3.8, despite the 
small molecular mass differences between xylose (150 g/mol) and 
glucose (180 g/mol). 

In theory, NF can remove all inhibitors and completely retain 
sugars. However, the rejection of solutes is significantly influenced 
by the operating conditions, such as feed concentration, feed pH, 
solute concentration, pressure and temperature [64,67,68], Espe¬ 
cially pH has an important effect on separating sugar and acids. 
For sugars, the retention decrease for uncharged solutes by NF was 


due to the increased molecular weight cut-off, resulting from 
the greater intramembrane electrostatic repulsion at negatively 
charged state in higher pH value [67,69-71], The rejection of acid 
will increase with the pH increasing. For instance, Weng et al. 
[51,71] used Desal-5 DK NF membranes to separate acetic acid 
from xylose. They found that there was a tremendous increase in 
acetic acid retention with increasing pH values. For example, at 
24.5 bar, acetic acid retention increased from - 3% at pH 2.9 to 
more than 90% at pH 9.1. This is consistent with the studies by Han 
and Cheryan [68] who reported a 60% increase in acetic acid 
retention when the pH was raised from 2.7 to 6.8 with an NTR729 
NF membrane. Choi et al. [72] also reported a significant influence 
of pH level on the retention of various organic acids during NF. 
This occurs due to the Donnan effect coming from the electrical 
interactions between charged ions and membrane, which limits 
the transport of ions [73], Therefore, it is a critical step to control 
pH in order to obtain high performance for retaining negatively 
charged ions. 

Reverse osmosis also had attracted great attention for their 
unique ability to separate and purify process streams. Applications 
of reverse osmosis for sugar concentration and inhibitors separa¬ 
tion from lignocelluloses hydrolyzates were studied in recent 
years. As the inhibitor with the highest content in hydrolyzates, 
a lot of works focus on removal acetic acid from hydrolyzates 
[68,74-76], Acetic acid was firstly separated by Han et al. [68] from 
an acetic acid-glucose model solution by using RO membranes, 
and acetate rejection of 40% and glucose rejection of 99% were 
obtained, respectively. Meanwhile, RO has applied in removing 
other inhibitors. Sagehashi et al. [77] employed RO membranes to 
separate phenols and furfural from the aqueous solution derived 
from the superheated steam pyrolysis of biomass, and the solution 
was concentrated effectively by reverse osmosis separation. Sev¬ 
eral researchers also reported the separation of carboxylic acids or 
furans from sugars in dilute-acid hydrolyzates or fast pyrolysis bio¬ 
oils by using RO membranes [78,79], Similarly to NF, size exclusion 
and the Donnan effect are two main mechanisms for molecular 
separation [80], Therefore, the rejection of solutes is influenced 
by the operating conditions, such as feed pH, solute concentration, 
pressure and temperature. Different from NF, the separation 
mechanism of RO includes solution-diffusion. The rejection of 
monosaccharide retention seems independent of the feed pH 
values and the operation temperature. For the uncharged mole¬ 
cules, the dominating factors of retention were the solution- 
diffusion mechanism that is the major separation mechanism in 
nonporous, dense polyamide layer of reverse osmosis membranes 
[74], Therefore, although NF was concluded as the standard 
membrane process for sugar concentration and inhibitors separa¬ 
tion from lignocelluloses hydrolyzates in previous study, Zhou 
et al. [76] compared the NF and RO membranes performances on 
separating acetic acid from model hydrolyzates solution in a 
comprehensive way. The results showed that RO membranes are 
much more effective than NF membranes for retaining monosac¬ 
charides and decrease the concentration of acetic acid. It can be 
predicted that RO will play an important role in such application. 

On the other hand, there are a lot of microorganisms and other 
value-added chemicals such as cellulase in an enzymatic hydro- 
lyzate which should be recycled to improve the economic viability 
of the enzymatic hydrolysis of biomass. This issue can be tackled 
by ultrafiltration technology. Table 3 summarizes the ultrafiltra¬ 
tion applied in recovery cellaluse and other value production. The 
results demonstrated that the UF membranes showed almost 100% 
rejection of cellulases as no enzyme was detected in the permeate 
in several cases [81-84], Meanwhile the UF membranes also 
exhibited good performance for enzyme activity recovery. UF was 
applied in recovering other value chemicals and obtained good 
performance. For instance, Chaiklahan [85] used PES membrane 
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Table 3 

Summary of ultrafiltration applied in enzyme and other value production recovery. 


Type of recovery material 

Membrane 
material a 

MWCO (kDa) 

Membrane 

configuration 

Membrane flux 
(Lm- 2 !!- 1 ) 

Rejection (%) 

Recovery of enzyme 
activity (%) 

Reference 

Cellulase “Onozuka” R-10 

RC 

10 

Fat sheet 

_ 

100 

42 

[82] 

NOVO Celluclast L 

PS 

10 

Fat sheet 

- 

- 

- 

[88,89] 

NOVO A/S 

- 

10 

- 

- 

High 

69/99.5 

[79] 

Cellulase plus p-glucosidase 

- 

10 

- 

- 

- 

20.1/41 

[90] 

ABS cellulase 

PS/PES 

10,30,100/30,50 

Fat sheet 

-53-/49,64 

98,95,60/98,94 

- 

[84] 

Cellulase enzyme 

PES 

50 

Fat sheet 

30-1200 

100 

- 

[81] 

Celluclast plus Novozym 188 

PES 

5 

Fat sheet 

- 

- 

39.3/17.9 

[91 [ 

Cellulase plus cellobiase 

PES 

10 

Fat sheet 

- 

- 

60-66.6/76.4-88 

[92] 

Cellulas 

PES 

5,10,30 

- 

26.5 

89.4/73.9/79.7 

- 


Protein 

RC 

5100 

- 

31/44 

80 

- 

[93] 

Protein 

PES 

5100 

- 

29/41 

80 

- 

[93] 

Phycocyanin 

Modified PES 

50,70,100 


50-75,75-110 

99,97.5,94.2 

- 

[85] 

Surfactin 

RC/PES 

30 

- 

10-40/30-130 

90/96 

- 

[94] 


a RC—regenerated cellulose, PS—polysulfone, PES —polyethersulfone. 


with MWCO at 50 kDa, 69 kPa to retain phycocyanin. A retention 
rate of 99% was found to be optimal and food grade phycocyanin 
with the purity around 1.0 containing c-phycocyanin as the major 
component was obtained. 

In order to improve the recovery efficiency, Qi et al. [86] first 
proposed combined technology. Studies have shown [87] that, in 
the UF stage, the cellulase in the hydrolyzate suspension was 
recovered in the retentate and could be used for a subsequent 
round of hydrolysis of the cellulosic substrate. Glucose was 
completely transmitted through the UF membrane and could be 
collected in the permeate, which could be further concentrated by 
NF to increase the glucose concentration. In the NF stage, when 
the ultrafiltered hydrolyzate was treated by NF270 at 13.1 1/m 2 h, 
the glucose concentration increased to 110.2 g/1 from 30.2 g/1, 
while the permeate could be collected for water reuse and 
recycling. 

5. Membrane technology for ethanol recovery 

For typical corn-to-ethanol processes, the final fermentor 
contains ethanol over 10 wt%. However, the microorganisms used 
for fermentation can tolerate a maximum concentration of 
bioethanol of 10 wt%. Therefore, the ethanol must be removed 
for continuous production. On other hand, bioethanol from cellu¬ 
losic biomass likely provides lower product concentrations 
(< 5 wt%) than bioethanol from corn. To save energy and costs, 
the ethanol should be concentrated before the next refining 
process. The conventional method to remove and concentrate 
ethanol is distillation. Unfortunately, this is also the aspect of 
distillation which is not attractive, as reported by Leland [95] 

(1) The energy requirement is significantly higher at low alcohol 
feed concentrations ( < 4 wt%) compared to higher concentra¬ 
tions [96], 

(2) At 101.3 kPa, ethanol-water forms an azeotrope at 95.6 wt% 
ethanol. Higher concentrations of ethanol cannot be obtained 
through simple distillation. 

(3) The process operates at high temperatures (unless under 
vacuum), much higher than typical optimum fermentor tem¬ 
peratures and usually at temperatures lethal to microorgan¬ 
isms, which causes the deactivation of proteins and enzymes 
and prevents the reuse of salts and microorganisms [97], 

Thereby, opening the door to other technologies based on 
membranes which can save energy and cost in ethanol production 
is a good choice, such as reverse osmosis, ultrafiltration [98], 


membrane distillation [99-106], pervaporation [107-109] and the 
pervaporation-distillation hybrid process [110-113], 


5.3. Membrane distillation for ethanol recovery 

Considering that partial pressure of ethanol is higher than that 
of water, ethanol vapor can transfer preferentially through the 
membrane pores. Meanwhile based on the mechanism of mem¬ 
brane distillation, it can be used to separate ethanol and water. The 
selectivity is determined by ethanol volatility [114], Franken et al. 
[115] first confirmed the possible use of direct contact tubular 
membrane distillation module for separating ethanol from etha¬ 
nol-water mixture. There are very few studies about separating 
simple ethanol-water solution using membrane distillation 
[115,116], Membrane distillation for ethanol recovery focuses on 
coupled with fermentation and results showed that the ethanol 
productivity improved due to the inhibitors was removed. Direct 
membrane distillation and air gap membrane distillation coupled 
with fermentation are common configuration for ethanol produc¬ 
tion. Udriot et al. [100] integrated direct membrane distillation 
with fermentation for the separation of ethanol from 
the culture medium. The results showed 87% increase in ethanol 
productivity from 0.99 to 1.85 g h -1 . Tomaszewska et al. [117] 
showed that the production rate was in the range of 2.5- 
4gdm _3 h _1 in the case of fermentation combined with the 
MD whereas in the classical batch fermentation from saccharose 
this rate was lower and amounted to 0.8-2 gdm~ 3 h _1 . Lewan- 
dowicz et al. [104] reported that ethanol production increased by 
15.5% due to facilitation of the continuous process, more complete 
fermentation of sugars, lowering the osmotic pressure in the 
fermentation broth, decreasing glycerol synthesis level and 
increasing yeast cells number and viability. In addition to improve 
the ethanol productivity, membrane performance is another 
research focus. Studies indicate that the temperature has an 
important influence on membrane flux [101,104,105], The mem¬ 
brane flux increases as the feed temperature increases due to 
membrane swell. It was found that there was no clear influence of 
the feed temperature on the separation factor. Garc'ia-Payo et al. 
[101] investigated the effect of operating parameter on membrane 
performance for the air gap membrane distillation. Although 
membrane distillation for ethanol production can overcome the 
disadvantages of conventional batch production. Current studies 
have been confined to lab-scale, and larger scale performance 
needs to be further investigated. Moreover the membrane selec¬ 
tivity is relative low (1-7), developing high performance mem¬ 
brane material is another focus for membrane distillation. 





Table 4 

Summary of membranes used for ethanol recovery. 


Membrane type a 




Flux 

Selectivity 

Advantages 

Disadvantages 

Reference 

Organic 




(gm^r 1 ) 

a 




Silicon 

Unmodified PDMS 



1-1000 

1-10.8 

Relative cheap Easily prepared 

Poor film-forming ability; relatively low permselectivity; 

[128- 

-containing 







poor mechanical properties; considerable swelling 

130] 

polymer 

Modified PDMS 

Cross- 

Vinyl-PDMS 

850 

8.0 

Improved Mechanical properties 

The flux and selectivity cannot increase simultaneously 

[131] 



link 

Acetoxysily- 

PDMS 

251 

10.8 

and film-forming ability 


[132) 



Graft 

PDMS-g- 

PVDF 

1300 

5.1 



[133) 




PDMS-g-PPP 

19 

40 



[134] 



Block 

PDMS/PS/ 

PHS 

4500 

6.8 



[135] 



IPN b 


160 

5.5 



[136) 





- 

9 



[137] 



PDMS- 


231-252 

7-9 



[138] 



polyetherimide 
hollow fiber 







POMS 



380 

5 

- 

- 

[139] 


PTMSP 



340-440 

9-26 

Selectivity is relatively higher 

Tendency to physical and/or chemical aging Performance 

[140- 








depends on polymerization conditions 

142] 

Fluoro — 

Plasma-polymerized PFP 



500 

10 

Selectivity is relatively higher 

High cost; low permeability 

[143] 

containing 

Styrene-fluoroalkyl acrylate graft 



5 

45.9 

High flux 


[130,144] 

polymer 

copolymers PVDF hollow fiber 



3500-8800 

5-8 



[98,145] 

Other polymer 

poly(ether block amide) 



118 

2.5 


Low selectivity 

[146] 


PDMS-imide 


560 

10.6 




[147] 


Liquid membrane (LM) TOA-LM 


- 

80 



Low permeability Easy liquid loss 

[148] 

Inorganic 

Zeolite 



100 

11.5 

High ethanol selectivity; High 

About 10-50 times more expensive than the equivalent 

[149] 


ZSM-5 



223 

47 

chemical resistance, 

polymeric ones Defect-free commercial-scale inorganic 

[150] 







thermal 

membranes are difficult to manufacture 



Silicalite-1 



220-2550 

64-218 

Stability 


[130] 

Mixed matrix 

zeolite 



51 

16.5 

Combine the advantages of inorganic 

Poor incompatibility Poor dispersion of particles 

[151] 

membrane 

Silicalite-1 



150 

16.5-59 

and organic membrane 

in polymer 

[152- 









154] 


Polyphosphazene nanotubes 



119 

10 



[155] 


Carbon black 



- 

9 



[156] 


Fumed silica 



- 

7.0 



[157] 


a PDMS=polydimethylsiloxane, PVDF=polyvinylidene fluoride, PPP=poly(l-phenyl-1-propyne), PS = polystyrene, POMS=polyoctylmethyl siloxane, PTMSP=poly(l-trimethylsilyl-l-propyne), PFP=perfluoropropane. 
b IPN = interpenetrating polymer networks. 
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5.2. Pervaporation for ethanol recovery 

As opposed to membrane distillation, pervaporation systems 
are available for commercial applications in the removing of water 
from concentrated alcohol solutions. Furthermore, a lot of work 
has been reported about membrane materials and process 
[11,118-125]. However, pervaporation for ethanol recovery is at 
pilot stage. Considering that knowledge of dehydration by perva¬ 
poration is relatively mature, the potential for using pervaporation 
for ethanol recovery from dilute fermentation broth will be 
reviewed in this section. 

Pervaporation is a method for the separation of mixtures of 
liquids by partial vaporization through a non-porous membrane. 
The separation mechanism is a solution-diffusion model. For 
ethanol recovery, the control process is the solution since the 
kinetic diameter of ethanol (0.57 nm) is larger than that of water 
(0.32 nm). Therefore, choosing the proper membrane material for 
the separation system is very important. 


5.2.3. Membrane material for ethanol recovery from broth by 
pervaporation 

According to the pervaporation mechanism, hydrophobic 
membranes can be used that will leave water in the retentate 
whilst allowing ethanol to pass through. There are two main 
classes into which most pervaporation membranes can be placed: 
polymeric membranes and inorganic membranes. Polymeric 
membranes are widely used today in ethanol recovery. Inorganic 
membranes, fabricated from zeolites and silicalite-1, have increas¬ 
ingly become a focus of research. A third class of membranes is 
commonly termed mixed matrix membranes. The membrane 
materials that can be used for ethanol recovery have been 
reported by Peng and Zhan [126,127]. The performance compar¬ 
ison of different membrane materials is summarized in Table 4 
according to the factors (flux and selectivity) that characterize 
pervaporation performance. A comprehensive analysis of the 
pervaporation performance of polydimethylsiloxane (PDMS) 
shows that it is superior to the other membrane materials. PDMS 
will, at least in the near term, continue to be the dominant organic 
membrane material used for the recovery of ethanol from water. 

According to the analysis of O'Brien et al. [158], a couple of 
systems would be cost-competitive if the performance of the 
pervaporation membranes could be modestly improved so as to 
exhibit a flux of 150gm _2 h _1 and a separation factor of 10.3 
for ethanol to water. As can be seen in Table 4, most of the 
membranes can meet this requirement. However, from the analy¬ 
sis of energy consumption, a separation factor of a membrane 
greater than at least 20 is needed [159], This is the main reason for 
why polymeric membranes remain unindustrialized. Although the 
separation factor of organic membranes is over 20 and these offer 
a number of advantages over polymeric membranes, such as 
solvent resistance and the ability to operate at higher tempera¬ 
tures, these are more difficult to produce on a large scale 
industrially and are often expensive. In addition, another reason 
for continued disuse is performance degradation within the actual 
separation system [160]. This performance degradation is mainly 
caused by complex components in the fermentation broth. The 
influence of fermentation components on membrane performance 
during pervaporation has been investigated by several authors 
[161-166]. Despite this, sometimes contradictory results have 
been found between different studies and concrete explanations 
for the observed behavior re-missing. However, it is clear that 
membrane performance can be significantly affected by the pre¬ 
sence of fermentation by-products, even in small amounts, which 
limits the commercial applicability of a pervaporation system. 
Therefore, exploiting and designing higher performance, reliable 


membrane materials are essential for pervaporation applications 
in the recovery of ethanol from broth. 

5.2.2. Hybrid pervaporation and fermentation process for improving 
ethanol yields 

Continuous fermentation is more attractive than the batch process 
owing to its higher productivity, better process control and improved 
yields. However, traditional continuous fermentation has the inherent 
limitations of cell wash-out and product inhibition, which seriously 
affect the productivity of the process. One way to improve the 
productivity of such product-inhibited fermentations is continuous 
in situ removal of ethanol. Compared with traditional techniques such 
as gas stripping and adsorption, pervaporation is simple, highly 
selective and non-toxic to fermentative microorganisms. It is also 
potentially cheaper than distillation. Therefore, hybrid membrane 
pervaporation with fermentation is regarded as a promising technol¬ 
ogy [167-170], 

For the technical application of the hybrid pervaporation- 
bioreactor process, two coupling modes have been designed. In 
the first, pervaporation is performed externally, while in the 
second, the pervaporation unit is directly integrated into the 
reactor. A schematic of the two coupling mode is shown in 
Fig. 4. Lipnizki et al. [171] discussed the advantages and disadvan¬ 
tages of these arrangements, and suggested the use of an external 
pervaporation unit due to its high efficiency and easy mainte¬ 
nance. Table 5 gives an overview of studies on the hybrid 
fermentation and pervaporation process. Obviously, ethanol pro¬ 
ductivity has been improved by utilizing a hybrid fermentation- 
pervaporation process compared with batch fermentation. 

Meanwhile, several studies have focused on the economic assess¬ 
ment of the hybrid fermentation-pervaporation process for bioetha¬ 
nol production in terms of the investment and production cost. Most 
studies have come to a positive conclusion regarding the economic 
potential of hybrid pervaporation-bioreactor processes for high etha¬ 
nol productivity and low energy consumption. However, these reports 
have demonstrated that the total ethanol production cost of the 
hybrid fermentation-pervaporation process was slightly higher than 
conventional continuous fermentation due to the relatively high cost 
of the pervaporation unit [158,172-174], 

Luccio et al. [175] investigated the effect of membrane costs 
on the process economics of ethanol and fructose production by 
selective hybrid fermentation and pervaporation. For a complete 
plant installation, the highest allowable membrane cost to main¬ 
tain economic feasibility was around $500/m 2 , while the adapta¬ 
tion of an existing plant allowed for a cost of up to $800/m 2 , 
considering a minimum return rate of return on the investment of 
17%. Improving the performance of the membrane is a crucial step 
to reduce production costs. Wasewar et al. [176] investigated the 




Fig. 4. Configuration of the hybrid fermentation and pervaporation process with 
(1) an external pervaporation unit and (2) an internal pervaporation unit. 
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Table 5 

An overview of studies about the fermentation and pervaporation hybrid process from the literature. 


Feed 

Micro-organisms 

Couple 

mode 

Membranes 
membrane modules 

a 

Flux 

(kgm- 2 h- 1 ; 

Separation 
) factor 

Ethanol productivity 
without PV (g L _1 h _1 ) 

Ethanol productivity coupled 
with PV (gL" 1 h _1 ) 

Reference 

Glucose 

Baker's yeast 

External 

PDMS/PP or PTFE 
tubular 

3.96 

5.8-9.0 

1.6 

6.3 ( + 293.75%) 

[1791 

Dextrose 

Saccharomyces 

cerevisiae 

External 

PDMS/PS, tubular 

0.56 

5 

10 

30 (+200%) 

[180] 

Glucose 

Baker's yeast 

External 

PDMS/PS hollow 
fiber 

0.39-0.81 

2.5-5.7 

4.5 

8.8 (95.6%) 

[177] 

Lactose 

Saccharomyces 

cerevisiae 

External 

PDMS coated on PS 
tubular 

0.05-0.18 

4-12 

1 2 

15 ( + 25%) 

[181] 

Glucose 

Saccharomyces 

cerevisiae 

External 

LTV SR/PS flat sheet 

1.2 

5.5 

1.74/1.76 

2.75/3.25 (84.6%) 

[182] 

Glucose 

Saccharomyces 
cerevisiae ATCC 4126 

External 

PDMS/PS flat sheet 

0.25-0.63 

1.8-6.5 

2.92 

4.9-7.8 (67.8-167%) 

[183] 

Glucose 

Saccharomyces 

cerevisiae 

External 

Composite PDMS flat 
sheet 

0.135/0.091 

7.7/8.2 

0.54/0.52 

> 0.23/ > 0.38 

[184] 

Lactose 

Saccharomyces 
cerevisiae B4 

External 

PDMS-PAN 

2.6-3.5 

>8 

- 

0.9 

[185] 

Glucose 

yeast 

External 

PDMS/PA flat sheet 

0.3-0.69 

5.0-7.2 

3.21 

9.6 (199%) 

[186] 

Glucose 

yeast 

External 

PDMS/PA flat sheet 

0.774 

4.85 

0.7 

1.39 (98.57%) 

[187] 


a PDMS = polydimethylsiloxane, PP=poly(l-phenyl-l-propyne), PTFF.—polytctrafluoroethylene, LTV SR — LTV silicone rubber, PS=polysulphone, PAN=polyacrylonitrile, 
PA= polyamide. 


effect of membrane flux and selectivity on the ethanol production 
cost. A 22% reduction in the direct production cost of ethanol was 
found when the flux was increased by 200%. A 10% decrease in the 
direct production cost of ethanol was observed when the separa¬ 
tion factor increased by 20% and costs decreased by 35% for a 100% 
increase in the separation factor. Therefore, developing higher 
performance and more reliable membranes will significantly 
reduce the ethanol production cost. 

During the hybrid process, cells and other by-products will lead 
to membrane fouling. To reduce the effect of fouling, microfiltra¬ 
tion can be used to retain the remains of cells in the fermentation 
broth. In addition, Groot et al. [177,178] compared the different 
process alternatives and concluded that continuous ethanol pro¬ 
duction with recycling of the microorganism using microfiltration 
leads to the lowest production costs. The costs were 15% lower in 
comparison to the batch process. 

In summary, the hybrid fermentation and pervaporation process 
will have good potential in ethanol production with the develop¬ 
ment of a high performance membrane. Meanwhile, further studies 
should focus on optimizing hybrid process integration with UF to 
enhance the ethanol productivity and reduce costs. 


6. Conclusions 

Membrane processes exhibit great potential and show suitable 
performance in the bioethanol production. For microalgae har¬ 
vesting, more than 90% microalgae can be retained by the micro- 
and ultrafiltration process. Especially, hydrophilic organic and 
inorganic ultrafiltration membranes show high recovery efficiency. 
The existing problem of this technology is membrane fouling 
which can be controlled by selecting the appropriate membrane 
material and operational model. Nanofiltration, membrane dis¬ 
tillation and reverse osmosis can remove inhibitors and concen¬ 
trate sugars. Nanofiltration and reverse osmosis exhibits great 
potential due to its low cost and high efficiency; moreover, it can 
be coupled with UF to recover other value-added chemicals such 
as cellulase in the enzymatic hydrolyzate. Although membrane 
distillation can separate ethanol from water, the separation factor 
is relatively low. Pervaporation is the preferred technology for 
ethanol recovery, but developing a good performance membrane 
material for practical applications is a problem urgently to be 


solved. A hybrid fermentation and pervaporation process would be 
advantageous in ethanol production with the development of an 
adequately performing membrane. We thought that further stu¬ 
dies should focus on optimizing the hybrid process by integration 
with UF to enhance ethanol productivity and reduce the cost, and 
a particular challenge to research in this field is the transition from 
pilot studies to industrial operations. 


Acknowledgments 

This work is supported by the National Basic Research Program 
of China (2011CB710804), National Hi-Tech Research and Devel¬ 
opment Program of China (2012AA023203, 2011AA02A208, 
2009AA02Z208), Postdoctoral Research plan of Zhejiang Province 
(BSH1302043), and the State Key Laboratory of Motor Vehicle 
Biofuel Technology (2013008). 


References 


[1] Nigam PS, Singh A. Production of liquid biofuels from renewable resources. 
Prog Energy Combust Sci 2011;37:52-68. 

[2] Rout UK, VoP A, Singh A, Fahl U, Blesl M, 6, Gallachoir BP. Energy and 
emissions forecast of China over a long-time horizon. Energy 2011;36:1-11. 

[3] El-Sebaii AA, Shalaby SM. Solar drying of agricultural products: a review. 
Renew Sustain Energy Rev 2012;16:37-43. 

[4] Gomez-Gil FJ, Wang X, Barnett A. Energy production of photovoltaic systems: 
fixed, tracking, and concentrating. Renew Sustain Energy Rev 2012; 16: 
306-13. 

[5] Bai FW, Anderson WA, Moo-Young M. Ethanol fermentation technologies 
from sugar and starch feedstocks. Biotechnol Adv 2008;26:89-105. 

[6] Wang M. Well-to-whell engery use and greenhouse gas emissions of 
advanced fuel/vehicle systems - North American Analysis Argonne National 
Laboratory; 2001. 

[7] Luque R, Herrero-Davila L, Campelo JM, Clark JH, Hidalgo JM, Luna D, et al. 
Biofuels: a technological perspective. Energy Environ Sci 2008;1:542-64. 

[8] DemiRba$ A. Bioethanol from cellulosic materials: a renewable motor fuel 
from biomass. Energy Sources 2005;27:327-37. 

[9] Pimentel D, Patzek T, Cecil G. Ethanol production: energy, economic, and 
environmental losses. Rev Environ Contam Toxicol 2007;189:25-41. 

[10] Mulder M. Basic Principles of Membrane Technology. United States: Kluwer 
Academic Publishers; 1996. 

[11] Chapman PD, Oliveira T, Livingston AG, Li K. Membranes for the dehydration 
of solvents by pervaporation. J Membr Sci 2008;318:5-37. 

[12] Vane LM. A review of pervaporation for product recovery from biomass 
fermentation processes. J Chem Technol Biotechnol 2005;80:603-29. 





398 


P. Wei et al. / Renewable and Sustainable Energy Reviews 30 (2014) 388-400 


[13] Qureshi N, Manderson GJ. Bioconversion of renewable resources into 
ethanol: an economic evaluation of selected hydrolysis, fermentation, and 
membrane technologies. Energy Sources 1995;17:241-65. 

[14] He Y, Bagley DM, Leung KT, Liss SN, Liao B-Q. Recent advances in membrane 
technologies for biorefining and bioenergy production. Biotechnol Adv 
2012;30:817-58. 

[15] Lipnizki F. Membrane process opportunities and challenges in the bioethanol 
industry. Desalination 2010;250:1067-9. 

[16] Rothman HG,R, Rosillo Calle F. The alcohol economy: fuel ethanol and the 
Brazilian experience. London: Francis Printer; 1983. 

[17] Rebwp7. Bioenergy, <http://www.responsiblebusiness.eu/download/attach- 
ments/2588712/rebwp7-250511-0800-797-l.pdf); 2010. 

[18] Avagyan A. A contribution to global sustainable development: inclusion of 
microalgae and their biomass in production and bio cycles. Clean Techn 
Environ Policy 2008;10:313-7. 

[19] Gudin C, Thepenier C. Bioconversion of solar energy into organic chemicals 
by microalgae. Adv Biotechnol processes 1986;6:73-110. 

[20] Mouchet PBV. Solving algae problems: French expertise and world-wide 
applications. J Water Supply Res Technol-Aqua 1998;47:125-41. 

[21] Judd S. The MBR Book: Principles and Applications of Membrane Bioreactors 
in Water and Wastewater Treatment. London: Amsterdam Boston; 2006. 

[22] Vandamme D, Pontes SCV, Goiris K, Foubert I, Pinoy LJJ, Muylaert K. 
Evaluation of electro-coagulation-flocculation for harvesting marine and 
freshwater microalgae. Biotechnol Bioeng 2011;108:2320-9. 

[23] Petrusevski B, Bolier G, Van Breemen AN, Alaerts GJ. Tangential flow 
filtration: a method to concentrate freshwater algae. Water Res 
1995;29:1419-24. 

[24] Christenson L, Sims R. Production and harvesting of microalgae for wastewater 
treatment, biofuels, and bioproducts. Biotechnol Adv 2011;29:686-702. 

[25] Molina Grima E, Belarbi EH, Aden Fernandez FG, Robles Medina A, Chisti Y. 
Recovery of microalgal biomass and metabolites: process options and 
economics. Biotechnol Adv 2003;20:491-515. 

[26] Wang B, Li Y, Wu N, Lan C. C0 2 bio-mitigation using microalgae. Appl 
Microbiol Biotechnol 2008;79:707-18. 

[27] Feris LA, Gallina SCW, Rodrigues RT, Rubio J. Optimizing dissolved air 
flotation design system. Braz J Chem Eng 2000;17:549-56. 

[28] Brennan L, Owende P. Biofuels from microalgae—a review of technologies for 
production, processing, and extractions of biofuels and co-products. Renew 
Sustain Energy Rev 2010;14:557-77. 

[29] Schenk P, Thomas-Hall S, Stephens E, Marx U, Mussgnug J, Posten C, et al. 
Second generation biofuels: high-efficiency microalgae for biodiesel produc¬ 
tion. Bioenerg Res 2008;1:20-43. 

[30] Danquah MK, Ang L, Uduman N, Moheimani N, Forde GM. Dewatering of 
microalgal culture for biodiesel production: exploring polymer flocculation 
and tangential flow filtration. J Chem Technol Biotechnol 2009;84:1078-83. 

[31] Munoz R, Guieysse B. Algal-bacterial processes for the treatment of hazar¬ 
dous contaminants: a review. Water Res 2006;40:2799-815. 

[32] Bosma R, van Spronsen W, Tramper J, Wijffels R. Ultrasound, a new 
separation technique to harvest microalgae. J Appl Phycol 2003;15:143-53. 

[33] Rossignol N, Vandanjon L, Jaouen P, Quemeneur F. Membrane technology for 
the continuous separation microalgae/culture medium: compared perfor¬ 
mances of cross-flow microfiltration and ultrafiltration. Aquae Eng 
1999;20:191-208. 

[34] Rossi N, Jaouen P, Legentilhomme P, Petit I. Harvesting of cyanobacterium 
Arthrospira platensis using organic filtration membranes. Food Bioprod 
Process 2004;82:244-50. 

[35] Rossi N, Petit 1, Jaouen P, Legentilhomme P, Derouiniot M. Harvesting of 
cyanobacterium Arthrospira platensis using inorganic filtration membranes. 
Sep Sci Technol 2005;40:3033-50. 

[36] Babel S, Takizawa S, Ozaki H. Factors affecting seasonal variation of 
membrane filtration resistance caused by Chlorella algae. Water Res 
2002;36:1193-202. 

[37] Her N, Amy G, Park H-R, Song M. Characterizing algogenic organic matter 
(AOM) and evaluating associated NF membrane fouling. Water Res 
2004;38:1427-38. 

[38] Rios SD, Salvado J, Farriol X, Torras C. Antifouling microfiltration strategies to 
harvest microalgae for biofuel. Bioresour Technol 2012;119:406-18. 

[39] Heng L, Yanling Y, Weijia G, Xing L, Guibai L. Effect of pretreatment by 
permanganate/chlorine on algae fouling control for ultrafiltration (UF) 
membrane system. Desalination 2008;222:74-80. 

[40] Castaing JB, Masse A, Sechet V, Sabiri NE, Pontie M, Haure J, et al. Immersed 
hollow fibres microfiltration (MF) for removing undesirable micro-algae and 
protecting semi-closed aquaculture basins. Desalination 2011 ;276:386-96. 

[41 ] Gaucher C, Legentilhomme P, Jaouen P, Comiti J, Pruvost J. Hydrodynamics 
study in a plane ultrafiltration module using an electrochemical method and 
particle image velocimetry visualization. Exp Fluids 2002;32:283-93. 

[42] Gaucher C, Jaouen P, Legentilhomme P, Comiti J. Suction effect on the shear 
stress at a plane ultrafiltration ceramic membrane surface. Sep Sci Technol 
2002;37:2251-70. 

[43] Gaucher C, Jaouen P, Comiti J, Legentilhomme P. Determination of cake 
thickness and porosity during cross-flow ultrafiltration on a plane ceramic 
membrane surface using an electrochemical method. J Membr Sci 
2002;210:245-58. 

[44] Velikovska P, Legentilhomme P, Comiti J, Jaouen P. Suction effects on the 
hydrodynamics in the vicinity of an ultrafiltration plane ceramic membrane. 
J Membr Sci 2004;240:129-39. 


[45] Rios SD, Clavero E, Salvado J, Farriol X, Torras C. Dynamic microfiltration in 
microalgae harvesting for biodiesel production. Ind Eng Chem Res 
2010;50:2455-60. 

[46] Zhang X, Hu Q, Sommerfeld M, Puruhito E, Chen Y. Harvesting algal biomass for 
biofuels using ultrafiltration membranes. Bioresour Technol 2010;101:5297-304. 

[47] Bilad MR, Vandamme D, Foubert I, Muylaert K, Vankelecom IFJ. Harvesting 
microalgal biomass using submerged microfiltration membranes. Bioresour 
Technol 2012;111:343-52. 

[48] Bura R, Mansfield S, Saddler J, Bothast R. S0 2 -catalyzed steam explosion of 
corn fiber for ethanol production. Appl Biochem Biotechnol 2002;98- 
100:59-72. 

[49] Yan L, Zhang H, Chen J, Lin Z, Jin Q, Jia H, et al. Dilute sulfuric acid cycle spray 
flow-through pretreatment of corn stover for enhancement of sugar recov¬ 
ery. Bioresour Technol 2009;100:1803-8. 

[50] Parawira W, Tekere M. Biotechnological strategies to overcome inhibitors in 
lignocellulose hydrolysates for ethanol production: review. Crit Rev Biotech¬ 
nol 2010;31:20-31. 

[51] Weng Y-H, Wei H-J, Tsai T-Y, Lin T-H, Wei T-Y, Guo G-L, et al. Separation of 
furans and carboxylic acids from sugars in dilute acid rice straw hydrolyzates 
by nanofiltration. Bioresour Technol 2010;101:4889-94. 

[52] Huang H-J, Ramaswamy S, Tschirner UW, Ramarao BV. A review of separa¬ 
tion technologies in current and future biorefineries. Sep Purif Technol 
2008;62:1-21. 

[53] Mussatto SI, Roberto IC. Alternatives for detoxification of diluted-acid 
lignocellulosic hydrolyzates for use in fermentative processes: a review. 
Bioresour Technol 2004;93:1-10. 

[54] Palmqvist E, Hahn-Hagerdal B. Fermentation of lignocellulosic hydrolysates. 
I: inhibition and detoxification. Bioresour Technol 2000;74:17-24. 

[55] Parajo JC, Dominguez H, Dominguez JM. Improved xylitol production with 
Debaryomyces hansenii Y-7426 from raw or detoxified wood hydrolysates. 
Enzyme Microb Technol 1997;21:18-24. 

[56] Murthy GS, Sridhar S, Shyam Sunder M, Shankaraiah B, Ramakrishna M. 
Concentration of xylose reaction liquor by nanofiltration for the production 
of xylitol sugar alcohol. Sep Purif Technol 2005;44:221-8. 

[57] Izquierdo-Gil MA, GarcIA-Payo MC, FernANdez-Pineda C. Direct contact 
membrane distillation of sugar aqueous solutions. Sep Sci Technol 
1999;34:1773-801. 

[58] Izquierdo-Gil MA, Garria-Payo MC, Fernandez-Pineda C. Air gap membrane 
distillation of sucrose aqueous solutions. J Membr Sci 1999;155:291-307. 

[59] Bandini S, Sarti GC. Concentration of must through vacuum membrane 
distillation. Desalination 2002;149:253-9. 

[60] Al-Asheh S, Banat F, Qtaishat M, Al-Khateeb M. Concentration of sucrose 
solutions via vacuum membrane distillation. Desalination 2006;195:60-8. 

[61] Wang X, Zhang L, Yang H, Chen H. Feasibility research of potable water 
production via solar-heated hollow fiber membrane distillation system. 
Desalination 2009;247:403-11. 

[62] Zhang L, Wang Y-F, Cheng L-H, Xu X-H, Chen H-L Concentration of lignocellulosic 
hydrolyzates by solar membrane distillation. Bioresour Technol 2012;123:382-5. 

[63] Chen J-W, Zhang Y-Q, Wang Y-F, Ji X-S, Zhang L, Mi X-G, Huang H. Removal of 
inhibitors from lignocellulosic hydrolyzates by vacuum membrane distilla¬ 
tion. Bioresour Technol 2013;144:680-3. 

[64] Han IS, Cheryan M. Nanofiltration of model acetate solutions. J Membr Sci 
1995;107:107-13. 

[65] Liu S, Amidon TE, David Wood C. Membrane filtration: concentration and 
purification of hydrolyzates from biomass. J Biobased Mater Bioenergy 
2008;2:121-34. 

[66] Sjoman E, Manttari M, Nystrom M, Koivikko H, Heikkila H. Xylose recovery 
by nanofiltration from different hemicellulose hydrolyzate feeds. J Membr 
Sci 2008;310:268-77. 

[67] Qi B, Luo J, Chen X, Hang X, Wan Y. Separation of furfural from mono¬ 
saccharides by nanofiltration. Bioresour Technol 2011;102:7111-8. 

[68] Han I, Cheryan M. Downstream processing of acetate fermentation broths by 
nanofiltration. In: Wyman C, Davison B, editors. Seventeenth symposium on 
biotechnology for fuels and chemicals: Humana Press; 1996. p. 19-28. 

[69] Bellona C, Drewes JE. The role of membrane surface charge and solute 
physico-chemical properties in the rejection of organic acids by NF mem¬ 
branes. J Membr Sci 2005;249:227-34. 

[70] Manttari M, Pihlajamaki A, Nystrom M. Effect of pH on hydrophilicity and 
charge and their effect on the filtration efficiency of NF membranes at 
different pH. J Membr Sci 2006;280:311-20. 

[71] Weng Y-H, Wei H-J, Tsai T-Y, Chen W-H, Wei T-Y, Hwang W-S, et al. 
Separation of acetic acid from xylose by nanofiltration. Sep Purif Technol 
2009;67:95-102. 

[72] Choi J-H, Fukushi K, Yamamoto K. A study on the removal of organic acids 
from wastewaters using nanofiltration membranes. Sep Purif Technol 
2008;59:17-25. 

[73] Strathmann H. Electrodialysis membrane handbook. New York: Chapman & 
Hall; 1992; 223-9. 

[74] Zhou F, Wang C, Wei J. Simultaneous acetic acid separation and monosacchar¬ 
ide concentration by reverse osmosis. Bioresour Technol 2013;131:349-56. 

[75] Teella A, Huber GW, Ford DM. Separation of acetic acid from the aqueous 
fraction of fast pyrolysis bio-oils using nanofiltration and reverse osmosis 
membranes. J Membr Sci 2011;378:495-502. 

[76] Zhou F, Wang C, Wei J. Separation of acetic acid from monosaccharides by NF 
and RO membranes: performance comparison. J Membr Sci 2013;429: 
243-51. 



P. Wei et al. / Renewable and Sustainable Energy Reviews 30 (2014) 388-400 


399 


[77] Sagehashi M, Nomura T, Shishido H, Sakoda A. Separation of phenols and 
furfural by pervaporation and reverse osmosis membranes from biomass - 
superheated steam pyrolysis-derived aqueous solution. Bioresour Technol 
2007;98:2018-26. 

[78] Diltz RA, Marolla TV, Henley MV, Li L. Reverse osmosis processing of organic 
model compounds and fermentation broths. Bioresour Technol 2007;98: 
686-95. 

[79] Sagne C, Fargues C, Broyart B, Lameloise M-L, Dedoux M. Modeling 
permeation of volatile organic molecules through reverse osmosis spiral- 
wound membranes. J Membr Sci 2009;330:40-50. 

[80] Van der Bruggen B, Schaep J, Wilms D, Vandecasteele C. Influence of 
molecular size, polarity and charge on the retention of organic molecules 
by nanofiltration. J Membr Sci 1999;156:29-41. 

[81] Knutsen J-S, Davis R-H. Combined Sedimentation and Filtration Process for 
Cellulase Recovery During Hydrolysis of Lignocellulosic Biomass. Appl 
Biochem Biotechnol 2002;98:1161-72. 

[82] Tanaka M, Fukui M, Matsuno R. Removal of lignin and reuse of cellulases for 
continuous saccharification of lignocelluloses. Biotechnol Bioeng 
1988;32:897-902. 

[83] Knutsen J., Davis R. Cellulase retention and sugar removal by membrane 
ultrafiltration during lignocellulosic biomass hydrolysis. In: Finkelstein M, 
McMillan J, Davison B, Evans B, editors. In: Proceedings of the twenty-fifth 
symposium on biotechnology for fuels and chemicals held May 4-7,2003, in 
Breckenridge, CO: Humana Press; 2004. p. 585-99. 

[84] Mores W, Knutsen J, Davis R. Cellulase recovery via membrane filtration. In: 
Davison B, McMillan J, Finkelstein M, editors. Twenty-second symposium on 
biotechnology for fuels and chemicals: Humana Press; 2001. p. 297-309. 

[85] Chaiklahan R, Chirasuwan N, Loha V, Tia S, Bunnag B. Separation and 
purification of phycocyanin from Spirulina sp. using a membrane process. 
Bioresour Technol 2011;102:7159-64. 

[86] Qi B, Chen X, Su Y, Wan Y. Enzyme adsorption and recycling during hydrolysis of 
wheat straw lignocellulose. Bioresour Technol 2011;102:2881-9. 

[87] Qi B, Luo J, Chen G, Chen X, Wan Y. Application of ultrafiltration and 
nanofiltration for recycling cellulase and concentrating glucose from enzy¬ 
matic hydrolyzate of steam exploded wheat straw. Bioresour Technol 
2012;104:466-72. 

[88] Tjerneld F, Persson I, Lee JM. Enzymatic cellulose hydrolysis in an attrition 
bioreactor combined with an aqueous two-phase system. Biotechnol Bioeng 
1991;37:876-82. 

[89] Tjerneld F. Enzyme-catalyzed hydrolysis and recycling in cellulose biocon¬ 
version. Methods Enzymol 1994;228:549-58. 

[90] Ramos L, Saddler J. Enzyme recycling during fed-batch hydrolysis of cellulose 
derived from steam-exploded Eucalyptus viminalis. Appl Biochem Biotechnol 
1994:45-46:193-207. 

[91 ] Lu Y, Yang B, Gregg D, Saddler J, Mansfield S. Cellulase adsorption and an 
evaluation of enzyme recycle during hydrolysis of steam-exploded softwood 
residues. Appl Biochem Biotechnol 2002;98-100:641-54. 

[92] Steele B, Raj S, Nghiem J, Stowers M. Enzyme recovery and recycling 
following hydrolysis of ammonia fiber explosion-treated corn stover. Appl 
Biochem Biotechnol 2005;124:901-10. 

[93] Leberknight J, Wielenga B, Lee-Jewett A, Menkhaus TJ. Recovery of high 
value protein from a corn ethanol process by ultrafiltration and an 
exploration of the associated membrane fouling. J Membr Sci 
2011;366:405-12. 

[94] Isa MHM, Coraglia DE, Frazier RA, Jauregi P. Recovery and purification of 
surfactin from fermentation broth by a two-step ultrafiltration process. 
J Membr Sci 2007;296:51-7. 

[95] Balat M, Balat H, Oz C. Progress in bioethanol processing. Progress Energy 
Combust Sci 2008;34:551-73. 

[96] Madson P, Lococo D. Recovery of volatile products from dilute high-fouling 
process streams. Appl Biochem Biotechnol 2000;84-86:1049-61. 

[97] Nomura M, Bin T, Nakao S-i. Selective ethanol extraction from fermentation 
broth using a silicalite membrane. Sep Purif Technol 2002;27:59-66. 

[98] Sukitpaneenit P, Chung T-S. PVDF/nanosilica dual-layer hollow fibers with 
enhanced selectivity and flux as novel membranes for ethanol recovery. Ind 
Eng Chem Res 2011;51:978-93. 

[99] Diirre P. New insights and novel developments in clostridial acetone/ 
butanol/isopropanol fermentation. Appl Microbiol Biotechnol 1998;49: 
639-48. 

[100] Udriot H, Ampuero S, Marison IW, Stockar U. Extractive fermentation of 
ethanol using membrane distillation. Biotechnol Lett 1989;11:509-14. 

[101] Garcia-Payo MC, Izquierdo-Gil MA, Fernandez-Pineda C. Air gap membrane 
distillation of aqueous alcohol solutions. J Membr Sci 2000;169:61-80. 

[102] Kaseno Miyazawa I, Kokugan T. Effect of product removal by a pervaporation 
on ethanol fermentation. J Ferment Bioeng 1998;86:488-93. 

[103] Izquierdo-Gil MA, Jonsson G. Factors affecting flux and ethanol separation 
performance in vacuum membrane distillation (VMD). J Membr Sci 
2003;214:113-30. 

[104] Lewandowicz G, Bialas W, Marczewski B, Szymanowska D. Application of 
membrane distillation for ethanol recovery during fuel ethanol production. 
J Membr Sci 2011;375:212-9. 

[105] Gostoli C, Sarti GC. Separation of liquid mixtures by membrane distillation. 
J Membr Sci 1989;41:211-24. 

[106] Banat FA, Abu Al-Rub F, Shannag M. Modeling of dilute ethanol-water 
mixture separation by membrane distillation. Sep Purif Technol 
1999;16:119-31. 


[107] Gu J, Shi X, Bai Y, Zhang H, Zhang L, Huang H. Silicalite-filled PEBA 
membranes for recovering ethanol from aqueous solution by pervaporation. 
Chem Eng Technol 2009;32:155-60. 

[108] Hickey PJ, Slater CS. The selective recovery of alcohols from fermentation 
broths by pervaporation. Sep Purif Rev 1990;19:93-115. 

[109] Ikegami T, Kitamoto D, Negishi H, Haraya K, Matsuda H, Nitanai Y, et al. 
Drastic improvement of bioethanol recovery using a pervaporation separa¬ 
tion technique employing a silicone rubber-coated silicalite membrane. 
J Chem Technol Biotechnol 2003;78:1006-10. 

[110] Vane LM, Alvarez FR, Rosenblum L, Govindaswamy S. Efficient ethanol 
recovery from yeast fermentation broth with integrated distillation-mem¬ 
brane process. Ind Eng Chem Res 2012;52:1033-41. 

[111] Haelssig JB, Tremblay AY, Thibault J. A new hybrid membrane separation 
process for enhanced ethanol recovery: process description and numerical 
studies. Chem Eng Sci 2012;68:492-505. 

[112] Haelssig JB, Tremblay AY, Thibault J, Huang X-M. Membrane dephlegmation: 
a hybrid membrane separation process for efficient ethanol recovery. 
J Membr Sci 2011;381:226-36. 

[113] Haelssig JB, Thibault J, Tremblay AY. Numerical investigation of membrane 
dephlegmation: a hybrid pervaporation-distillation process for ethanol 
recovery. Chem Eng Process Process Intensif 2011;50:1226-36. 

[114] Lawson I<W, Lloyd DR. Membrane distillation. J Membr Sci 1997;124:1-25. 

[115] Franken ACM, Nolten JAM, Mulder MHV, Smolders CA. Ethanol-water 
separation by membrane distillation, effect of temperature polarization. 
Berlin: Walter de Gruyter; 1987. 

[116] Gostoli C, Sarti GC. Separation of liquid mixtures by membrane distillation. 
J Membr Sci 1989;41:211-24. 

[117] Tomaszewska M, Bialoriczyk L. Production of ethanol from lactose in a 
bioreactor integrated with membrane distillation. Desalination 2013;323: 
114-9. 

[118] Hsueh CL, Kuo JF, Huang YH, Wang CC, Chen CY. Separation of ethanol-water 
solution by poly(acrylonitrile-co-acrylic acid) membranes. Sep Purif Technol 
2005;41:39-47. 

[119] Chen S-H, Liou R-M, Hsu C-S, Chang D-J, Yu K-C, Chang C-Y. Pervaporation 
separation water/ethanol mixture through Iithiated polysulfone membrane. 
J Membr Sci 2001;193:59-67. 

[120] Ohya H, Matsumoto K, Negishi Y, Hino T, Choi HS. The separation of water 
and ethanol by pervaporation with PVA-PAN composite membranes. 
J Membr Sci 1992;68:141-8. 

[121] Kunnakorn D, Rirksomboon T, Aungkavattana P, Kuanchertchoo N, Atong D, 
Kulprathipanja S, et al. Performance of sodium A zeolite membranes 
synthesized via microwave and autoclave techniques for water-ethanol 
separation: recycle-continuous pervaporation process. Desalination 
2011;269:78-83. 

[122] Aouinti L, Belbachir M. A maghnite-clay-H/ polymer membrane for separa¬ 
tion of ethanol-water azeotrope. Appl Clay Sci 2008;39:78-85. 

[123] Uragami T, Takigawa K. Permeation and separation characteristics of etha¬ 
nol-water mixtures through chitosan derivative membranes by pervapora¬ 
tion and evapomeation. Polymer 1990;31:668-72. 

[124] Uragami T, Matsuda T, Okuno H, Miyata T. Structure of chemically modified 
chitosan membranes and their characteristics of permeation and separation 
of aqueous ethanol solutions. J Membr Sci 1994;88:243-51. 

[125] Bolto B, Hoang M, Xie Z. A review of membrane selection for the dehydration 
of aqueous ethanol by pervaporation. Chem Eng Process Process Intensif 
2011;50:227-35. 

[126] Peng P, Shi B, Lan Y. A review of membrane materials for ethanol recovery by 
pervaporation. Sep Sci Technol 2010;46:234-46. 

[127] Zhan X, Li J, Huang J, Chen C. Ethanol perm-selective membranes by 
pervaporation. Prog Chem 2008;20:1416-26. 

[128] Mulder M, Smolders C. Continuous ethanol production controlled by mem¬ 
brane processes. Process Biochem 2000;21:35-9. 

[129] Blume I, Wijmans JG, Baker RW. The separation of dissolved organics from 
water by pervaporation. J Membr Sci 1990;49:253-86. 

[130] Slater CS, Hickey PJ, Juricic FP. Pervaporation of aqueous ethanol mixtures 
through poly(dimethyl siloxane) membranes. Sep Sci Technol 1990;25: 
1063-77. 

[131] Takegami S, Yamada H, Tsujii S. Pervaporation of ethanol/water mixtures 
using novel hydrophobic membranes containing polydimethylsiloxane. 
J Membr Sci 1992;75:93-105. 

[132] Ishihara K, Matsui K. Pervaporation of ethanol-water mixture through 
composite membranes composed of styrene-fluoroalkyl acrylate graft copo¬ 
lymers and cross-linked polydimethylsiloxane membrane. J Appl Polym Sci 
1987;34:437-40. 

[133] Chang C-L, Chang P-Y. Performance enhancement of silicone/PVDF composite 
membranes for pervaporation by reducing cross-linking density of the active 
silicone layer. Desalination 2006;192:241-5. 

[134] Nagase Y, Mori S, Matsui K. Chemical modification of poly(substituted- 
acetylene). IV. Pervaporation of organic liquid/water mixture through poly 
(1-phenyl-1-propyne)/polydimethylsiloxane graft copolymer membrane. 
J Appl Polym Sci 1989;37:1259-67. 

[135] Okamoto K, Butsuen A, Tsuru S, Nishioka S, Tanaka K, Kita H, et al. 
Pervaporation of water-ethanol mixtures through polydimethylsiloxane 
block-copolymer membranes. Polym J 1987;19:747-56. 

[136] Liang L, Ruckenstein E. Pervaporation of ethanol-water mixtures through 
polydimethylsiloxane-polystyrene interpenetrating polymer network 
supported membranes. J Membr Sci 1996;114:227-34. 



400 


P. Wei et al. / Renewable and Sustainable Energy Reviews 30 (2014) 388-400 


[137] Miyata T, Higuchi J-I, Okuno H, Uragami T. Preparation of polydimethylsilox- 
ane/polystyrene interpenetrating polymer network membranes and permea¬ 
tion of aqueous ethanol solutions through the membranes by pervaporation. 
J Appl Polym Sci 1996;61:1315-24. 

[138] Lee H-J, Cho EJ, Kim Y-G, Choi IS, Bae H-J. Pervaporative separation of 
bioethanol using a polydimethylsiloxane/polyetherimide composite hollow- 
fiber membrane. Bioresour Technol 2012;109:110-5. 

[139] Aroujalian A, Raisi A. Pervaporation as a means of recovering ethanol from 
lignocellulosic bioconversions. Desalination 2009;247:509-17. 

[140] Cysewski GR, Wilke CR. Rapid ethanol fermentations using vacuum and cell 
recycle. Biotechnol Bioeng 1977;19:1125-43. 

[141] Volkov W, Fadeev AG, Khotimsky VS, Litvinova EG, Selinskaya YA, McMillan 
JD, et al. Effects of synthesis conditions on the pervaporation properties of 
poly[l-(trimethylsilyl)-l-propyne] useful for membrane bioreactors. J Appl 
Polym Sci 2004;91:2271-7. 

[142] Nagase Y, Sugimoto K, Takamura Y, Matsui K. Chemical modification of poly 
(substituted-acetylene). VI. Introduction of fluoroalkyl group into poly(l- 
trimethylsilyl-l-propyne) and the improved ethanol permselectivity at 
pervaporation. J Appl Polym Sci 1991;43:1227-32. 

[143] Masuoka T, Iwatsubo T, Mizoguchi K. Pervaporation membranes for ethanol- 
water mixture prepared by plasma polymerization of fluorocarbons. II. 
Perfluoropropane membranes. J Membr Sci 1992;69:109-20. 

[ 144] Matsui K., Ishihara K. Fluorine-containing graft copolymer and adhesive and 
composite membrane made thereof. US Patent; 1987. 

[145] Sukitpaneenit P, Chung T-S. Molecular design of the morphology and pore 
size of PVDF hollow fiber membranes for ethanol-water separation employ¬ 
ing the modified pore-flow concept. J Membr Sci 2011;374:67-82. 

[146] Liu F, Liu L, Feng X. Separation of acetone-butanol-ethanol (ABE) from dilute 
aqueous solutions by pervaporation. Sep Purif Technol 2005;42:273-82. 

[147] Krea M, Roizard D, Moulai-Mostefa N, Sacco D. New copolyimide membranes 
with high siloxane content designed to remove polar organics from water by 
pervaporation. J Membr Sci 2004;241:55-64. 

[148] Thongsukmak A, Sirkar KK. Pervaporation membranes highly selective for 
solvents present in fermentation broths. J Membr Sci 2007;302:45-58. 

[149] Liu Q, Noble RD, Falconer JL, Funke HH. Organics/water separation by 
pervaporation with a zeolite membrane. J Membr Sci 1996;117:163-74. 

[150] Li S, Tuan VA, Falconer JL, Noble RD. Properties and separation performance 
of Ge-ZSM-5 membranes. Microporous Mesoporous Mater 2003;58:137-54. 

[151] Moermans B, Beuckelaer WD, Vankelecom IFJ, Ravishankar R, Martens JA, 
Jacobs PA. Incorporation of nano-sized zeolites in membranes. Chem Com- 
mun 2000:2467-8. 

[152] Chen X, Ping Z, Long Y. Separation properties of alcohol-water mixture 
through silicalite-I-filled silicone rubber membranes by pervaporation. J Appl 
Polym Sci 1997;67:629-36. 

[153] Vankelecom IFJ, Depre D, De Beukelaer S, Uytterhoeven JB. Influence of 
zeolites in PDMS membranes: pervaporation of water/alcohol mixtures. 
J Phys Chem 1995;99:13193-7. 

[154] Vane LM, Namboodiri W, Bowen TC. Hydrophobic zeolite-silicone rubber 
mixed matrix membranes for ethanol-water separation: effect of zeolite and 
silicone component selection on pervaporation performance. J Membr Sci 
2008;308:230-41. 

[155] Huang Y, Zhang P, Fu J, Zhou Y, Huang X, Tang X. Pervaporation of ethanol 
aqueous solution by polydimethylsiloxane/polyphosphazene nanotube nano¬ 
composite membranes. J Membr Sci 2009;339:85-92. 

[156] Vankelecom IFJ, De KinderenJ, Dewitte BM, Uytterhoeven JB. Incorporation 
of hydrophobic porous fillers in PDMS membranes for use in pervaporation. 
J Phys Chem B 1997;101:5182-5. 

[157] Tang X, Wang R, Xiao Z, Shi E, Yang J. Preparation and pervaporation 
performances of fumed-silica-filled polydimethylsiloxane-polyamide (PA) 
composite membranes. J Appl Polym Sci 2007;105:3132-7. 

[158] O'Brien DJ, Roth LH, McAloon AJ. Ethanol production by continuous fermen- 
tation-pervaporation: a preliminary economic analysis. J Membr Sci 
2000;166:105-11. 

[159] Vane LM. Separation technologies for the recovery and dehydration of 
alcohols from fermentation broths. Biofuels Bioprod Biorefin 2008;2:553-88. 

[160] Schmidt S-L, Myers M-D, Kelley S-S, McMillan J-D, Padukone N. Evaluation of 
PTMSP Membranes in Achieving Enhanced Ethanol Removal from Fermenta¬ 
tions by Pervaporation. Appl Biochem Biothech 1997;63:469-82. 

[161] Chovau S, Gaykawad S, Straathof AJJ, Van der Bruggen B. Influence of 
fermentation by-products on the purification of ethanol from water using 
pervaporation. Bioresour Technol 2011;102:1669-74. 

[162] Fadeev AG, Meagher MM, Kelley SS, Volkov W. Fouling of poly[-l- 
(trimethylsilyl)-l-propyne] membranes in pervaporative recovery of butanol 
from aqueous solutions and ABE fermentation broth. J Membr Sci 
2000;173:133-44. 


[163] Ikegami T, Yanagishita H, Kitamoto D, Negishi H, Haraya K, Sano T. 
Concentration of fermented ethanol by pervaporation using silicalite mem¬ 
branes coated with silicone rubber. Desalination 2002;149:49-54. 

[164] Garda M, Sanz MT, Beltran S. Separation by pervaporation of ethanol from 
aqueous solutions and effect of other components present in fermentation 
broths. J Chem Technol Biotechnol 2009;84:1873-82. 

[165] Bowen TC, Meier RG, Vane LM. Stability of MFI zeolite-filled PDMS mem¬ 
branes during pervaporative ethanol recovery from aqueous mixtures con¬ 
taining acetic acid. J Membr Sci 2007;298:117-25. 

[166] Aroujalian A, Belkacemi K, Davids SJ, Turcotte G, Pouliot Y. Effect of residual 
sugars in fermentation broth on pervaporation flux and selectivity for 
ethanol. Desalination 2006;193:103-8. 

[167] Mori Y, Inaba T. Ethanol production from starch in a pervaporation mem¬ 
brane bioreactor using Clostridium thermohydrosulfuricum. Biotechnol Bioeng 
1990;36:849-53. 

[168] Friedl A, Qureshi N, Maddox IS. Continuous acetone-butanol-ethanol (ABE) 
fermentation using immobilized cells of Clostridium acetobutylicum in a 
packed bed reactor and integration with product removal by pervaporation. 
Biotechnol Bioeng 1991;38:518-27. 

[169] Liu G, Wei W, Wu H, Dong X, Jiang M, Jin W. Pervaporation performance of 
PDMS/ceramic composite membrane in acetone butanol ethanol (ABE) 
fermentation-PV coupled process. J Membr Sci 2011;373:121-9. 

[170] Van Hecke W, Vandezande P, Claes S, Vangeel S, Beckers H, Diels L, et al. 
Integrated bioprocess for long-term continuous cultivation of Clostridium 
acetobutylicum coupled to pervaporation with PDMS composite membranes. 
Bioresour Technol 2012;111:368-77. 

[171] Lipnizki F, Hausmanns S, Laufenberg G, Field R, Kunz B. Use of pervaporation- 
bioreactor hybrid processes in biotechnology. Chem Eng Technol 
2000;23:569-77. 

[172] Maiorella BL, Blanch HW, Wilke CR. Economic evaluation of alternative 
ethanol fermentation processes. Biotechnol Bioeng 1984;26:1003-25. 

[173] Lipnizki F, Field RW, Ten P-K. Pervaporation-based hybrid process: a review 
of process design, applications and economics. J Membr Sci 1999;153: 
183-210. 

[174] Kaewkannetra P, Chutinate N, Moonamart S, Kamsan T, Chiu TY. Experi¬ 
mental study and cost evaluation for ethanol separation from fermentation 
broth using pervaporation. Desalin Water Treat 2012;41:88-94. 

[175] Di Luccio M, Borges CP, Alves TLM. Economic analysis of ethanol and fructose 
production by selective fermentation coupled to pervaporation: effect of 
membrane costs on process economics. Desalination 2002;147:161-6. 

[176] Wasewar K, Pangarkar V. Intensification of recovery of ethanol from fermen¬ 
tation broth using pervaporation: economical evaluation. Chem Biochem Eng 
Q 2006;20:135-45. 

[177] Groot WJ, Kraayenbrink MR, Waldram RH, Lans RGJM, Luyben KCAM. Ethanol 
production in an integrated process of fermentation and ethanol recovery by 
pervaporation. Bioprocess Eng 1992;8:99-111. 

[178] Groot WJ, Kraayenbrink MR, Lans RGJM, Luyben KCAM. Ethanol production in 
an integrated fermentation/membrane system. Process simulations and 
economics. Bioprocess Eng 1993;8:189-201. 

[179] Nakao S-i, Saitoh F, Asakura T, Toda K, Kimura S. Continuous ethanol 
extraction by pervaporation from a membrane bioreactor. J Membr Sci 
1987;30:273-87. 

[180] Shabtai Y, Chaimovitz S, Freeman A, Katchalski-Katzir E, Linder C, Nemas M, 
et al. Continuous ethanol production by immobilized yeast reactor coupled 
with membrane pervaporation unit. Biotechnol Bioeng 1991;38:869-76. 

[181] Shabtai Y, Mandel C. Control of ethanol production and monitoring of 
membrane performance by mass-spectrometric gas analysis in the coupled 
fermentation-pervaporation of whey permeate. Appl Microbiol Biotechnol 
1993;40:470-6. 

[182] Wei Z, Xingju Y, Quan Y. Ethanol fermentation coupled with complete cell 
recycle pervaporation system: dependence of glucose concentration. Bio¬ 
technol Tech 1995;9:299-304. 

[183] O'Brien DJ, Craig Jr. JC. Ethanol production in a continuous fermentation/ 
membrane pervaporation system. Appl Microbiol Biotechnol 1996;44: 
699-704. 

[184] O'Brien DJ, Senske GE, Kurantz MJ, Craig Jr JC. Ethanol recovery from corn 
fiber hydrolysate fermentations by pervaporation. Bioresour Technol 
2004;92:15-9. 

[185] Lewandowska M, Kujawski W. Ethanol production from lactose in a fermen- 
tation/pervaporation system. J Food Eng 2007;79:430-7. 

[186] Ding W-W, Wu Y-T, Tang X-Y, Yuan L, Xiao Z-Y. Continuous ethanol 
fermentation in a closed-circulating system using an immobilized cell 
coupled with PDMS membrane pervaporation. J Chem Technol Biotechnol 
2011;86:82-7. 

[187] Chen C, Tang X, Xiao Z, Zhou Y, Jiang Y, Fu S. Ethanol fermentation kinetics in 
a continuous and closed-circulating fermentation system with a pervapora¬ 
tion membrane bioreactor. Bioresour Technol 2012;114:707-10. 



